Eight day-old male and female ringneck pheasants (Phasianus colchicus) were inoculated with group D rotavirus and necropsied at 4, 7 , and 1 1 days post-inoculation. The intestinal tracts were examined by light and electron microscopic and immunohistochemical methods. By 4 days post-inoculation, 213 (66%) inoculated birds were stunted and had diarrhea and dilated intestines. Intestinal villi were shortened, and many villous enterocytes were partially detached from the lamina propria. Crypts were hyperplastic, and the lamina propria contained a diffuse infiltrate of lymphocytes, plasma cells, and macrophages. Immunoreactivity to rotaviral antigen was localized to enterocytes on the tips of villi in the duodenum, jejunum, and proximal ileum. By 7 days post-inoculation, 3 / 3 (1 00%) inoculated birds had clinical signs and gross and microscopic changes similar to those at 4 days post-inoculation but more severe. Immunoreactivity was localized in enterocytes scattered along the sides of villi, in occasional crypt enterocytes, and within macrophages in the villous lamina propria. Ultrastructurally, infected enterocytes contained cytoplasmic aggregates of viroplasm with multiple viral core particles. Numerous mature virions (60-75 nm in diameter) were present within dilated components of the cytocavitary network. Macrophages within the lamina propria contained phagocytosed remnants of necrotic virus-infected cells. By 1 1 days post-inoculation, birds did not have gross lesions, but 1/2 (50%) had mild crypt hyperplasia and an infiltrate of leukocytes in the lamina propria. Occasional enterocytes along the sides of villi and macrophages in the lamina propria were immunoreactive for viral antigen. Group D rotavirus is an enteropathogen in pheasants and causes intestinal lesions similar to those caused by enteric rotaviral infections in other species.
Rotaviruses are important enteric pathogens in numerous animal species and have been classified into seven groups (groups A-G) based on serologic antigenic relatedness and electropherotype.I8 Group A rotaviruses, or conventional rotaviruses, are the most widespread rotaviruses infecting mammals and infect chickens and
Recently, a rotavirus isolated from ringneck pheasant (Phasianus colchicus) chicks was determined to be a group D r o t a~i r u s .~ Group D rotaviruses are the most prevalent rotaviruses occurring in young turkey poults with diarrhea. l 6 However, it is not clear that group D rotaviruses are enteropathogens because they are commonly detected in combination with other viral agents, especially astroviruses, in birds with enteric d i~e a s e . '~.~~ Morphologic changes of the intestinal tract caused by group A rotavirus infections in pigs, calves, chickens, and turkeys and group B rotavirus infection in rats have been d e~c r i b e d .~.~,~~.~~,~~ The predominant gross changes are dilatation of the small intestine (and/or ceca in birds) associated with accumulation of yellow, fluid intestinal contents. Microscopically, there is shortening of villi and crypt hyperplasia. In addition, leukocytic infiltration of the villous lamina propria occurs with group A rotavirus infections in chickens and turkeys. Experimental infection of chickens with group D rotavirus induced morphologic changes similar to those observed with group A rotavirus infections.Io However, group D rotavirus has a predilection for the jejunum and ileum, whereas group A rotavirus favors the duodenum. Several reports have documented enteric infection with rotavirus, atypical rotavirus, or rotavirus-like virus in pheasant chicks from flocks with diarrhea and/ or high mortality in the United States and the United K~n g d o m .~~~~~~~ Gross lesions described in these reports included ceca distended with frothy yellow contents and intestines filled with fluid; however, microscopic lesions and intestinal sites of viral infection were not reported. In one study, oral inoculation of pheasant chicks with an atypical rotavirus isolated from a field case resulted in severe clinical disease and gross lesions.6 The present study was initiated to determine the pathogenicity of a pheasant-origin group D rota-virus i n pheasant chicks a n d to specifically document the morphologic changes and sites of viral infection that develop in the intestinal tract.
Group D Rotavirus Infection in Pheasants

Materials and Methods
Commercially hatched 1 -day-old male and female ringneck pheasant (Phasianus colchicus) chicks were obtained from a local hatchery. Upon delivery, all chicks were cloacally swabbed and were subsequently determined to be free of Salmonella spp. by culture as previously described.8 Chicks were randomly assigned to one of two sterile containment isolators. Each isolator constituted one experimental group consisting of 50 chicks per group. Each pheasant in isolator 1 was orally administered 0.1 ml of group D rotavirus inoculum; chicks in isolator 2 served as noninoculated controls.
The group D rotavirus inoculum originated from a flock of commercial ringneck pheasant chicks in Ohio that had diarrhea and increased mortality rates.'." Group D rotavirus was identified in the intestinal contents by examination with immune electron microscopy (IEM) and by electropherotyping as previously described.14 The inoculum was prepared by cutting the intestinal tracts of infected pheasants into pieces approximately 2-3 cm in length, placing them into a sterile plastic bag, adding sterile phosphate-buffered saline (PSS, pH 7.2) at a dilution of 1 : 10 (wt : vol), and homogenizing the preparation with a stomacher. The homogenized preparation was freeze-thawed three times at -20 C. The intestinal preparation was then placed into sterile plastic test tubes and subjected to sonication. The samples (tubes) were placed in an ice bath and sonicated for a total of 1.5 minutes. This period involved three 30-second intervals of sonication followed by 30-second intervals of no sonication (to allow heat dispersion). Sonication was followed by low-speed centrifugation (approximately 500 x g). The supernatant was collected and filtered through a 0.45-krn filter to remove debris and bacteria. The filtrate was evaluated by IEM and electropherotyping to ensure it contained only group D rotavirus prior to using it as an inoculum.
Three inoculated pheasant chicks and three controls were euthanatized by intraperitoneal administration of pentobarbital at 4 and 7 days post-inoculation; due to a high mortality rate and use in other studies, only two inoculated chicks and two controls were euthanatized at 1 1 days post-inoculation. Chicks were identified by number ( Table 1) . For each chick, the abdominal cavity was quickly opened and the entire intestinal tract was removed intact and immersed in one of two fixatives: 10% neutral buffered formalin for light microscopic and immunohistochemical examination or chilled 3% glutaraldehyde in 0.1 M Sorensen's phosphate buffer (pH 7.2-7.4) with 0.2 M sucrose for electron microscopic examination. The lumen ofeach intestinal tract was completely flushed and infused with fixative delivered via syringe while the tract was immersed. Transmural incisions to aid flushing of the intestinal contents and prevent overdistention of the intestine were made at five predetermined sites: middle of the duodenal loop, midjejunum. jejunum adjacent to the yolk sac remnant, ileum adjacent to the tips of the ceca, and ileocecal junction ( Fig. I) . Sections of intestine adjacent to these five sites were processed and evaluated for each chick. Ten to 15 additional pheasants from each isolator (inoculated and noninoculated) were euthanatized at the same post-inoculation intervals, and their intestinal tracts were pooled and evaluated by IEM and electropherotyping for the presence of group D rotavirus.
Light microscopy
Intestinal tracts processed for light microscopic examination were fixed for 24 hours in 10% neutral buffered formalin, embedded in paraffin, sectioned at 4 l m , and stained with hematoxylin and eosin (HE). All sections were coded, randomized, and subjectively evaluated by one ofthe authors (J. S. Haynes). Thick sections from intestinal tracts prepared for transmission electron microscopic examination were also evaluated in the same manner.
Immunohistochemistry
Replicate 4-km sections were cut from paraffin blocks, mounted on poly-L-lysine-coated slides, and stained with the streptavidin biotin technique to identify group D rotavirus antigens. Guinea pig anti-group D rotavirus hyperimmune antiserum was used as the primary antibody. Serum was harvested from guinea pigs that had been inoculated with purified pheasant group D rotavirus, then adsorbed with minced intestine from age-matched control pheasants to remove antibodies to pheasant intestinal antigens. Staining was performed in several runs of 20 slides/run in which the primary antibody was used at a dilution of 1 : 50. Two negative controls included with each run consisted of replacing the primary antibody with Tris buffer or nonimmune guinea pig serum, respectively. The positive control included in each run consisted of replicate sections of intestine that had rotavirus evident via transmission electron microscopic examination. Intestinal tracts processed for transmission and scanning electron microscopic examination were immersed in and flushed with chilled glutaraldehyde as previously described. Segments (about 1 cm in length) were isolated from the same predetermined sites as outlined in Fig fixative to remove adherent ingesta and mucus, chopped into 1x 1x 1-mm cubes, and left in fixative for 3 hours. Specimens were then rinsed twice for 15 minutes each in 0.1 M Sorensen's phosphate buffer (pH 7.2-7.4) with 0.2 M sucrose, post-fixed for 1 hour in 1 ' Yo OsO, in 0.1 M Sorensen's phosphate buffer (pH 7.2-7.4) with 0.2 M sucrose, rinsed in distilled water, and dehydrated through a graded series of ethanol ending in absolute ethanol. For scanning electron microscopic examination, the specimens were transferred from absolute ethanol to carbon dioxide and dried in a Denton critical point dryer. After critical point drying, the specimens were attached to aluminum stubs with aluminum paste and coated with gold and palladium in an Edwards 306 vacuum evaporator. Coated specimens were examined at 15 kV on a Cambridge Stereoscan 200 scanning electron microscope. For transmission electron microscopic examination, specimens in absolute ethanol were cleared with propylene oxide then embedded in Embed 8 12 (Electron Microscopy Sciences, Fort Warrington, PA), sectioned with a diamond knife, mounted on copper grids, stained for 9 minutes in 2% methanolic uranyl acetate and 9 minutes in Reynold's lead Fig. 3a . Villi are diffusely blunted and have plicated lateral margins and tips. Bar = 11 1 pm. Fig. 3b .
Higher magnification of villous tips. Bar = 37 pm. citrate, and examined at 75 kV on a Hitachi HS-9 transmission electron microscope.
Results
Four days post-inoculation
Two of three inoculated ringneck pheasants (Phasianus colchicus) (nos. 1 and 2) had clinical disease with gross and microscopic lesions. Clinically, affected pheasants had diarrhea, were stunted, had ruffled feathers, and had vents pasted with yellow feces. Grossly, their intestinal tracts were diffusely pale, dilated, and filled with yellow watery material. Villi in affected birds were diffusely blunted and had plicated lateral margins (Figs. 2, 3) . Enterocytes on the distal one half of each villus were either enlarged with domed luminal surfaces and numerous cytoplasmic vacuoles or were shrunken and necrotic. Frequently, these enterocytes were separated from the lamina propria, leaving a cleft along the basement membrane. There were occasional aggregates of vacuolated enterocytes adherent to one another at the extrusion zone. Enterocytes on the basal one half of each villus were immature and had diffusely basophilic cytoplasm and large nuclei with prominent nucleoli and lacked a well-defined brush border. The crypts were diffusely increased in depth and lined by hyperplastic epithelial cells. The lamina propria was diffusely infiltrated by lymphocytes, plasma cells, macrophages, and aggregates of heterophiles. In addition, the submucosa and tunica muscularis were thinner in affected birds than in unaffected controls. Microscopic lesions were qualitatively similar in the duodenum, jejunum, and proximal ileum. However, lesions were most severe in the duodenum and jejunum, less severe in the proximal ileum, and not present in the ceca or distal ileum at the level of the ileocecal junction. Intestines from all three control pheasants (nos. 4, 5, 6) contained multifocal aggregates of heterophiles in the lamina propria but no other changes.
Immunoreactivity for rotavirus antigen was intense and limited to enterocytes on the distal one half of villi in the duodenum, jejunum, and proximal ileum (Fig.  4) . Group D rotavirus was detected by immunoelectron microscopic examination in the pooled intestinal contents from inoculated pheasants but not in pooled intestinal contents from controls. Villi, midjejunum; pheasant No. 7 (infected with rotavirus), 7 days post-inoculation. Immunohistochemical localization of rotaviral antigen in villi. Note immunoreactivity in enterocytes along sides of villi (arrows) and immunoreactive cells within lamina propria (arrowheads). Avidin biotin peroxidase complex method, fast green counterstain. Bar = 21 pm. Fig. 9 . Crypt, duodenum; pheasant No. 7 (infected with rotavirus), 7 days post-inoculation. Note immunohistochemical localization of rotaviral antigen in enterocytes of crypt (arrow). Avidin biotin peroxidase complex method, fast green counterstain. Bar = 2 1 pm.
Seven days post-inoculation
All three inoculated pheasants (nos. 7, 8, 9) had clinical signs with gross and microscopic lesions that were similar to but more severe than those examined at 4 days post-inoculation ( Figs. 5-7) . Immunoreactivity for rotavirus antigen was still intensely positive throughout the duodenum, jejunum, and proximal ileum. However, immunoreactivity was no longer limited to enterocytes on the distal one half of villi but was also evident in enterocytes along the sides of the villi and occasionally within crypts (Figs. 8, 9) . In addition, intensely immunoreactive cells were present within the lamina propria.
Ultrastructural evaluation revealed that vacuolated enterocytes contained round cytoplasmic aggregates of electron-dense viroplasm and numerous profiles of dilated cytocavitary network that contained aggregates of mature virions, which were 60-80 nm in diameter (Fig. 10) . Viroplasmic aggregates contained small, round, electron-dense rotaviral core particles. Viral core particles were also evident free within the cytoplasm and attached to and budding into adjacent components of the cytocavitary network (Fig. 10, inset) . Some virions within cytoplasmic vacuoles were surrounded by an envelope. Infected enterocytes were vacuolated and had fewer microvilli than did adjacent noninfected enterocytes. Necrotic enterocytes also contained cytoplasmic viroplasm, viral core particles, and mature virions within large vacuoles. Macrophages within the lamina propria contained phagolysosomes filled with cell debris and virions (Fig. 11 ). In addition, plasma cells, lymphocytes, and occasionally heterophiles were adjacent to these macrophages. Group D rotavirus was detected by immunoelectron microscopic examination in the pooled intestinal contents from inoculated pheasants but not in pooled intestinal contents from controls.
There were no lesions in any of the three control birds (nos. 10, 11, 12). Fig. 10 . Transmission electron micrograph. Villous enterocytes, duodenum; pheasant No. 9 (infected with rotavirus), 7 days post-inoculation. Enterocytes have intracytoplasmic aggregates of viroplasm (arrows) that contain small electrondense viral core particles. Numerous mature virions are present within vacuoles (arrowheads). Infected enterocyte in upper right has few microvilli; infected enterocyte in lower left is necrotic. Bar = 1.1 pm. Inset: Intracytoplasmic vacuole contains mature virions. One virion is budding through the plasma membrane into the lumen (arrow). Bar = 0.2 pm.
Eleven days post-inoculation
Two inoculated chicks (nos. 1 3, 14) and two control chicks (nos. 15, 16) were examined. Neither of the inoculated pheasants had diarrhea, but both were smaller than the control pheasants. Inoculated pheasants did not have gross lesions in the intestinal tract, but one (no. 13) had microscopic lesions, which were similar in distribution to those in birds examined 4 and 7 days post-inoculation but were less severe. Villi in the affected bird (no. 13) were slightly blunted and covered with columnar epithelium that was approaching the normal degree of maturation. The crypts were hyperplastic, and there was a modest diffuse infiltrate of lymphocytes and plasma cells and a few aggregates of heterophiles within the lamina propria. This bird also had occasional immunoreactive enterocytes scattered along the sides of villi and occasional immuno-reactive cells within the villous lamina propria of the duodenum, jejunum, and proximal ileum. Bird no. 14 did not have any immunoreactive cells in the intestine. Group D rotavirus was detected with immunoelectron microscopy in the pooled intestinal contents of inoculated pheasants but not in pooled intestinal contents from controls. Neither control bird had lesions.
Discussion
This study clearly demonstrated that a group D rotavirus administered to neonatal ringneck pheasants (Phasianus colchicus) by oral inoculation infected the intestine and produced significant clinical disease and morphologic lesions. The clinical disease that developed in inoculated pheasants in this study was similar t o that caused by rotavirus and atypical rotavirus infection5s6 and to that caused by RVLV (group D ro-Vet Pathol 3 l : l . 1994 Fig. 11 . Transmission electron micrograph. Villous lamina propria, duodenum; pheasant No. 9 (infected with rotavirus), 7 days post-inoculation. Macrophage in lamina propria contains phagolysosomes filled with cell debris and aggregates of electron-dense virions. Plasma cells (arrows) and lymphocytes (arrowheads) are adjacent to macrophage. Bar = 1.47 pm. Inset: Higher magnification of aggregated virions within phagolysosome. These virions are more electron dense and have less distinct boundaries than virions within enterocytes. Bar = 0.2 pm. tavirus) infection." However, in field cases, the disease caused by infection with RVLV occurred in pheasants that were 3 to 4 weeks of age. In the present study, the onset and resolution of clinical signs corresponded well with the pattern of viral immunoreactivity and morphologic changes in the intestinal tract, which had developed by 4 days post-inoculation, reached maximum severity by 7 days post-inoculation, and in birds that survived, had partially resolved by 11 days post-inoculation. These findings confirm that rotavirus can cause severe enteric disease in pheasants less than 1 week of age.
The gross and microscopic lesions that developed in pheasants in this study were similar to lesions reported for experimental group A rotavirus infection in turkeys.20,22 The location of microscopic changes and the pattern of viral immunoreactivity indicate that infection with group D rotavirus was most prevalent in the duodenum, jejunum, and proximal ileum and occurred to a minor degree if at all, in the distal ileum and ceca. These findings indicate that the pathogenesis of entenc infection with group D rotavirus in pheasants and subsequent microscopic lesions are similar to those for rotavirus infections in other species. I The enterocytes on the tips of the villi, especially in the cranial half of the small intestine, are infected with rotavirus, become vacuolated, die, and are sloughed into the gut lumen. As a response to loss of the mature epithelium, the villi shorten, and the crypts become hyperplastic to replace the lost epithelium. As the immune response to rotavirus develops, the virus is eliminated and the enteric lesions resolve. Macrophages in the villous lamina propria contained remnants of virus-infected necrotic cells in pheasants at 7 and 11 days post-inoculation; this finding is consistent with that of a previous report.21 These macrophages were surrounded by a marked infiltrate of lymphocytes, plasma cells, and heterophiles. As part of the developing immune response to the rotavirus, macrophages were probably phagocytosing dead infected enterocytes, processing rotaviral antigens, and presenting these antigens to the adjacent lymphocytes.
Although determination of the mechanisms involved in viral attachment, internalization, replication, and release from enterocytes was not the objective of our study, we found no evidence to indicate that these mechanisms differ in group D rotavirus infection in pheasants from those involved in rotaviral infection in other spe~ies.~JI In group A rotavirus infections in other species, aggregates of viroplasm develop within the enterocyte's cytoplasm, then viral core particles form within the viroplasm and migrate to adjacent components of the cytocavitary network. These viral core particles attach to the cytocavitary network then bud into the lumen, acquiring an envelope. However, this is not a true viral envelope, and it is lost as the infected cell bursts and rotavirus virions are released into the environment. The ultrastructural features of group D rotavirus virions within enterocytes in this study were essentially the same as previously described for other rotaviruses and are consistent with the mechanisms of infection recognized for other groups of rotavirus.1',12
The enteric disease that develops in neonatal pheasants inoculated with group D rotavirus is severe and characterized by morphologic changes that are similar to changes caused by pathogenic rotaviruses in other specie=.2.13,20,22 
